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Abstract 
 
Line heating is a forming and straightening method which has found been 
used in shipyards during the last decades. In ship hulls, there are many plates with 
complex 3-D geometries which are very difficult to form with conventional 
mechanical forming techniques. Line heating, on the other hand, offers more 
freedom to achieve such 3-D geometry. Another characteristic of shipbuilding is 
that ship hulls are assembled almost in their entirety by means of welding due to 
its versatility and reliability. However, welding produces distortion that, if not 
properly controlled or corrected, can considerably reduce the quality and 
structural integrity of the ship hull. In order to reduce this welding distortion, line 
heating has been used as a straightening method, being able to satisfactorily 
mitigate welding distortion to acceptable tolerances. Although a powerful and 
important tool in ship construction, it possesses a major weakness. It still relies 
on the experience and empirical knowledge of workers with years of experience 
in the field. Unfortunately, these workers are retiring at a high pace with only a 
little replacement from younger generations. So do the knowledge and efficiency 
of their work. As a result it is necessary to find new ways to provide guidance to 
workers and engineers with less experience in handling the line heating processes. 
Such guidance should help them to properly select the right methods and heating 
conditions which produce the required results with the required accuracy without 
producing delays on the final product. 
In this study, employing computational analysis, and using an accurate heat 
source model, different applications of line heating are investigated. Forming of 
plates by means of line heating and ways to obtain desirable shapes using 
optimum heating conditions are presented. A comparison of some of the most 
common line heating straightening methods used in real practice is carried out, 
and a method to select the most appropriate straightening method depending on 
the magnitude of welding distortion is proposed.  
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Chapter 1 Introduction 
1.1 Overview of Plate Forming 
    Many of the large structures that we encounter in our daily lives such as steel 
buildings, bridges, ships, and cars, among others are assembled using curved plates. 
These curved plates are formed by applying loads strong enough to produce 
permanent deformations after these loads are released. However, the curvature may 
vary depending on the assembly location within the structure, for example in ships 
the curvature of plates belonging to the ship’s bow is different from those close to 
mid-ship. Therefore, it is not only a matter of applying strong loads but also 
controlling their magnitude depending on the required curvature.  
     These external loads can be produced through various methods, however, 
mechanical and thermo-mechanical forming are the most commonly employed. 
Mechanical plate forming consists of pressing the plate against a die of appropriate 
shape, or by feeding the plate through a set of rollers to achieve the desired curvature.  
     In case of thermo-mechanical forming, permanent deformation is produced 
through permanent (plastic) strain generated by line heating and subsequent cooling. 
The advantage of line heating over mechanical forming is that it provides more 
freedom to achieve complex geometrical shapes such as those found in ship hulls. 
1.2 Line Heating  
     In order to understand how line heating can be used to form plates. First, it is 
necessary to get an understanding on how permanent strains are generated. When an 
isotropic material such as the cube shown in Fig. 1.1 is uniformly heated, it has the 
tendency to equally expand in all directions. Due to the fact that the cube is not 
subjected to any kind of restraint in any direction, it does equally expand in all 
directions. In this case, the increment in length in all directions is proportional to the 
rise in temperature. Once the heat source is removed, the cube cools down back to 
room temperature and it returns to its original size. No stresses or permanent strains 
are created.  
On the other hand, if heat is applied to a metal piece such as the cylinder shown 
in Fig.1.2 that is not allowed to expand but allowed to shrink and as the temperature 
rises, the metal expands and the volume of the cylinder increases. Since the cylinder 
cannot freely expand in x direction due to the restraints of the immovable vice jaws 
at both ends, compressive stress develops in the cylinder in x direction and the 
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amount of expansion in  y and z directions is greater than the expansion due to 
temperature rise (because of Poison’s ratio). When the yield stress is exceeded, the 
metal develops permanent (plastic) strain. Once the heat is removed, and the cylinder 
cools down to room temperature it is permanently larger in the y and z directions 
and permanently shorter in x direction. 
 
 
 
Fig. 1.1 Exaggerated dimensional changes in an unrestrained metal cube on a flat 
surface. [1] 
 
 
Fig. 1.2 Exaggerated dimensional changes in a metal cylinder prevented from 
elongation in one direction. [1] 
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     In case of line heating the surrounding cooler material restrains the expansion of 
the heated material. The final curvature of the plate can be controlled through the 
temperature gradient between the heated and the non-heated surfaces.  
1.3 Literature Review on Line Heating 
     Although line heating is a useful tool in the plate forming industry, it depends on 
experience and empirical knowledge for choosing heating conditions.  As a 
consequence, factors such as production costs and delivery time are difficult to 
control. This is the main reason why plate forming by means of line heating has been 
an active topic of research during the last 60 years.  Not only can line heating be 
used as a forming process but also as corrective method of deformed plates and 
structures. In this section a review of some of the studies done on the different 
applications of line heating will be covered.  
1.3.1 Forming   
     The first study on line heating as a forming method was carried out by Yamura 
[2] in 1954 as cited by Rashwan [3] and Vega [4].  In this study, he proposed formulas 
to estimate the amount of shrinkage necessary to form plates with doughnut surface 
geometry to be assembled in ship hulls. 
      To understand the mechanism of plate forming by line heating, there are two 
main points that need to be covered. The first point, is the heat conduction problem. 
Rosenthal [5], first derived an analytical solution of the temperature field under point 
and line heating sources using the heat conduction equation for the quasi-stationary 
state. Moshaiov and Latorre [6] investigated the time varying temperature field in the 
plate during flame bending process. Osawa [7] proposed a new hypothesis of heat 
transmission during line heating. They developed a technique to identify the 
distribution of the temperature of the gas adjacent to the plate surface and local 
overall heat transfer coefficient (convection and radiation).  
     The next point is dealing with the elasto-plastic deformation problem. The 
inherent strain method Murakawa [8] has been proven to be a powerful tool to predict 
plate deformation by line heating. Through a series of studies Ueda [9] [10] [11] [12] 
developed a computer aided process planning system for plate bending using line 
heating.  They investigated the relationship between the final form of the plate and 
the inherent strain formed in it. A method to decide the heating lines locations as 
well as the required inherent strain was proposed. They developed three dimensional 
finite element codes to predict plate deformation due to line heating, avoiding costly 
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experiments. They also investigated the influence of secondary factors affecting the 
plate deformation via computational methods, such as the influence of the initial 
curvature and in plane residual stress on the inherent deformation produced by a 
single line heating. Vega [13] studied the influence of multi-heating lines on plate 
forming by line heating.  Vega [14] also evaluated the influence of edge effect on 
inherent deformation for a wide range of plate thickness and heating conditions. 
Recent efforts in line heating research deal with automation of the process itself. The 
most impressive advance in recent years is IHIMU-Tango [15], an advanced line 
heating machine for hull steel forming capable of automatically handling the whole 
process. 
1.3.2 Straightening  
     Another industrial application where line heating proofs to be a useful process is 
being used to correct distortion of structures that if not properly corrected could 
greatly reduce the integrity of the structure, thus endangering the lives of the people 
using it. Correcting distortion by means of line heating is most commonly known as 
heat straightening. In the same way as line heating in forming, heat straightening 
relies on experience. However when mastered, it can be advantageous in the field. 
Therefore, research to clarify the mechanics behind this corrective technique is 
necessary. 
     The origins of heat straightening can be traced to the early days of welding when 
steel fabricators observed how the heat from welding caused distortion in regular 
patterns. Some of these individuals began to experiment with ways to reverse this 
distortion by heating the steel in specific patterns to counteract the initial distortion. 
Since then heat straightening has been used to repair accidentally damaged steel 
structures. In 1955 Holt [16] [17] [18] published a series of reports on the different 
advantages of heat straightening as a corrective method to correct distortion of 
different structural elements without having to remove them from their original 
positions. These reports also present some of the necessary precautions when using 
heat straightening.   
     Heat straightening, has also been used in shipyards to straighten distortion 
produced during welding assembly. Among the few available studies on the use of 
heat straightening in shipyards, there are two reports carried out by M.I.T and Batelle 
Memorial Institute for the U.S. Coast Guard Headquarters. The M.I.T study 
consisted of two phases; phase one [19] consisted of heating simple fillet welded joints, 
free-end and rigid-end structural specimens in various locations in order to reduce 
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welding distortion. It was concluded that heat straightening was more efficient on 
mild steel specimens than on high strength steels. 
      In phase two [20], three different heating patterns were tested on panel type 
models. They found out that applying heating lines followed by water quenching 
managed to reduce the distortion of the specimens. Once again results showed that 
heat straightening was more effective on low-carbon steels than on high strength 
steels. Also it was concluded that heating followed by air cooling increased 
distortion rather than reducing it. In the Batelle study [21] plate specimens were used. 
One edge of a specimen was clamped, but the other edge was kept free during 
heating. In contrast to the studies performed by M.I.T they concluded that higher 
strength steels were easier to straighten than low carbon steel plates, and also that 
the water quenching reduced the effectiveness for straightening of line heating. The 
results obtained by these two studies showed that the mechanisms of heat 
straightening are quite complex. The effectiveness of heat straightening techniques 
is affected by a number of parameters including heating and cooling conditions, 
mechanical properties of the base metal, and structural constraints. 
     Heat straightening is commonly applied using flame provided by a gas torch, 
however as mentioned by McPherson [22], in the 1970’s, the Norwegian government 
funded a research project to counteract apparent risk to health when flame 
straightening steel structures. The research team in charge of this project concluded 
that heating with induction current was the best heating method. This led to the 
development of the equipment called Terac [23], which started to be manufactured 
and sold in 1981. McPherson [24] compared heat straightening with a gas heating 
torch and induction heating. Induction heat straightening has proven to have certain 
advantages over flame straightening such as, less energy consumption, easier to use, 
less noxious to the worker’s health and environment among other attributes. 
However heat straightening with a gas torch has not completely lost the race against 
induction heating, it is still more convenient in terms of portability, flexibility and 
most importantly it still represents a considerably lower capital investment cost for 
the shipyard. 
     Most recently, through a series of reports Avent [25, 26] presents guidelines on heat 
straightening of damaged steel structures, such as proper heating temperature, 
heating locations and correct utilization of jacking forces on the field.  Avent [27] and 
Putherickal [28] studied the influence of heat straightening on the material properties, 
by testing and comparing the properties of heated and non-heated specimens, it was 
concluded that heat straightening does influence the material properties when 
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overheated, thus workers need to control the amount of given heat input when heat 
straightening.  
1.4 Problem Statement 
      A major concern regarding line heating has been that, although a powerful tool 
in forming and straightening applications, it is still a method which strongly relies 
on the experience and empirical knowledge of workers with years of experience on 
the field. Unfortunately, as these workers retire so does the knowledge that took 
them years to master. It takes too much time and energy for new unexperienced 
workers to be able to use line heating efficiently as their seniors, thus causing delays 
in production schedules and in the worst of cases affecting the quality of the final 
product.  
     Several studies have been carried out to understand the mechanics of forming 
using line heating. Some of these studies focused on developing mathematical 
models accurate enough to represent the different types of heat sources used to heat 
the material. Others more invested in predicting the deformations produce by the 
plastic strain generated due to heating.  However, most of this studies are based on 
complex mathematical derivations, which can be difficult to understand for workers 
on the field without the proper training. As a consequence it is very difficult to 
transmit this knowledge to new unexperienced workers in a way that they can 
comprehend and incorporate it into their daily work routine. 
     In case, of straightening with line heating, most of the available literature is more 
focused on repairing structures which have been deformed due to accidents. 
Moreover, most of these references offer short explanations which mostly rely on 
the experience of people on the field, rather than explaining in detail why each type 
of straightening method is more efficient than the other. Few studies have been 
carried out trying to clarify the mechanics behind straightening of weld distorted 
structures or providing simple methods to select proper heat straightening technique 
to correct welding distortion. 
1.5 Purpose of this Study 
     The main objective of this study besides helping to expand the existing 
knowledge on line heating, is to offer guidance to unexperienced workers as well as 
engineers on the field to select and control the proper line heating process for 
different applications usually encountered in the industry. 
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1.6 Method of analysis 
     Throughout various studies, FEM simulation has proven to be the most suitable 
method to predict the response of plates under the influence of line heating. It does 
not only avoids having to do expensive and time consuming experiments, it also 
reduces the uncertainty of experiments where no matter how many times a test is 
repeated, the probability of obtaining the same results as one of the previous tests is 
very low.  
     The thermo-mechanical behavior during welding and line heating is evaluated by 
means of thermal elastic plastic FEA. Where temperature histories due to heating 
are computed by means of FE heat transfer analysis. Then, the transient temperature 
distribution obtained from the heat transfer analysis is applied as a thermal load. 
Stresses, strains and displacements are then computed. 
     In this study, local deformation produced by thermal process is evaluated as 
inherent deformation. The distortion produced by welding and line heating can be 
predicted by integrating the inherent strain previously computed by means of 
thermal elastic plastic analysis.   
     The concept of interface element is used in this study to model the state of the 
connections between different parts to be welded together. 
 
 1.7 Framework of Thesis 
     This thesis is divided into six chapters. The background of line heating research 
as well as the main objective of this thesis have already been presented in this chapter.  
     The tools used to carry out this research are presented in chapter 2. In this study, 
all the thermal processes including line heating and welding are simulated using 
thermal elastic plastic FEM analysis. An introduction to the inherent deformation 
method used in this study to evaluate the deformation due to line heating and welding 
is given. Then different methods to evaluate the inherent deformation are presented. 
Finally the concept of interface element is described. 
     In chapter 3, a review of the different types of heat sources used to apply heat 
during line heating process is given. Then, the heat source model employed in this 
research is presented. Validation of the heat source model is carried out through 
comparison between numerical analysis and experimental measurements. 
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     Chapter 4 introduces an application of line heating for bending of U-ribs used as 
stiffening member of bridges and highways. A description of the U-rib bending 
process is given. Thermal elastic plastic FEM analysis employing the heat source 
model introduced in chapter 3 are carried out. In order to validate the accuracy of 
numerical analysis results, temperature fields and deformation due to line heating 
are compared with experimental measurements. Elastic analysis is used to evaluate 
the global behavior of the U-rib due to the influence of heating location and speed. 
Finally, a method to optimize the U-rib bending process is proposed. 
     Chapter 5 discusses the application of line heating as a straightening method, in 
particular straightening of deformation generated due to welding assembly. The first 
half of this chapter studies the straightening of welding angular distortion in a single 
stiffener stiffened panel. The effectiveness of three different heat straightening 
patterns commonly used in actual practice is compared. The most efficient of the 
three heat straightening patterns is selected in terms of energy and time consumption. 
The second half of this chapter considers the application of line heating to straighten 
the twisting deformation of a large bilge block structure. 
     In chapter 6, an overall summary of the thesis is given, also conclusions drawn 
from the computational study. Needs of future studies regarding the use of line 
heating as both forming and straightening processes are presented. 
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Chapter 2 Methods of Analysis 
  
     Computational analysis has proven to be an effective tool in analysis and research 
of line heating and its applications in various fields. In order to avoid costly and time 
consuming experiments, computational analysis is utilized in this research. 
 
     A description of the tools and theories employed in this study is presented in this 
chapter. At first, an outline of thermal elastic plastic FE analysis which can be used 
to accurately simulate both welding and line heating processes, is given. Then, 
elastic analysis used to predict the deformation of structures in welding and line 
heating is presented. In this elastic analysis the magnitude of inherent strain needs 
to be previously evaluated. The inherent deformation method, used to predict the 
deformation produced by heating is explained. Finally, the interface element used to 
model the stiffness of the connection between welded parts and simulate the 
misalignments and gaps which are induced between them is presented. These 
theories and algorithms are all incorporated in the in-house code JWRIAN (Joining 
and Welding Research Institute Analysis program) which is used in this study. 
 
 
2-1. Thermal Elastic Plastic Analysis 
     In this study the thermal–mechanical behavior during welding as well as forming 
and straightening by line heating is analyzed using uncoupled thermal/mechanical 
formulation.[29] However, the uncoupled formulation considers the contribution of 
the transient temperature field to strains and stresses through thermal expansion, and 
temperature-dependent physical and mechanical properties. Figure 2.1 shows the 
temperature dependent material properties of mild steel used in this study. This 
material properties were used in the entirety of this study. 
 
     The solution procedure consists of two steps. First, a thermal analysis step in 
which transient temperature distribution is computed using FE heat transfer analysis. 
Then, the transient temperature distribution obtained from the heat transfer analysis 
is employed as a thermal load in a subsequent Thermal-Elastic-Plastic mechanical 
analysis step. In this step stresses, strains and displacements are computed. These 
algorithms are well verified against test results [30] [31] and are all incorporated in the 
in-house code JWRIAN (Joining and Welding Research Institute Analysis program). 
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(a) Thermal material properties of mild steel 
 
 
(b) Mechanical material properties of mild steel 
Fig 2.1 Temperature dependent material properties of mild steel (a) Thermal 
Properties, (b) Mechanical Properties. 
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2.2 Elastic Analysis    
     Elastic FE analysis can be used to predict the welding distortion of components 
and structures, if the inherent strain or inherent deformation is previously evaluated 
using experimental and/or computational approaches. In this type of analysis the 
inherent strain is converted to inherent deformation and given as discontinuity of 
displacement across the weld line. While the interaction between the parts to be 
welded is represented by means of interface element. Alternatively, the inherent 
deformation is applied on welding or heating lines. Although elastic FE analysis 
cannot represent the whole welding process as accurate as thermal elastic plastic FE 
analysis, it is a powerful tool, accurate enough to get the distortion of the whole 
structure caused by welding and line heating. 
  
2.3 The Inherent Strain Method 
 
     According to results obtained from thermal elastic plastic FE analysis and 
measurements done in experiments, it has been concluded that inherent strain * is 
responsible for the welding residual stress and distortion of welded structures. [32] [33] 
[34] [35] The magnitude of inherent strain depends on the joint parameters, including 
type of welded joint, properties of the material, joint dimensions including the 
thicknesses of the plates welded together, and the amount of heat input. 
 
     The total amount of strain total   produced during welding or line heating process 
is composed of five components as shown in Eq. 2.1. 
 
 
    ߝ௧௢௧௔௟ ൌ ߝ௘௟௔௦௧௜௖ ൅ ߝ௧௛௘௥௠௔௟ ൅ ߝ௣௟௔௦௧௜௖ ൅ ߝ௣௛௔௦௘ ൅ ߝ௖௥௘௘௣      (2.1) 
 
 
     Where, elastic is the elastic strain, plastic is the plastic strain, thermal is the thermal 
strain, creep is the creep strain and phase is the strain produced through phase 
transformation. 
 
     Equation 2.1 can be reorganized into Eq. 2.2. This equation symbolically means 
that the distortion  and the residual stress  are produced by the inherent strain which 
consists of plastic, thermal, creep strains and that caused by the phase transformation. 
 
 
ߝ௧௢௧௔௟ െ ߝ௘௟௔௦௧௜௖ ൌ ߝ௧௛௘௥௠௔௟ ൅ ߝ௣௟௔௦௧௜௖ ൅ ߝ௣௛௔௦௘ ൅ ߝ௖௥௘௘௣ ൌ ߝ௜௡௛௘௥௘௡௧ ൌ ߝ∗ (2.2) 
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     The amount of inherent strain produced in a welded joint is decided by the 
maximum attained temperature Tmax during the heating process and the constraint 
given by the material surrounding the heat applied zone. In order to explain this 
phenomena a fully restrained model shown in Figs. 2.2, 2.3 and 2.4 are used. Here 
the relation between the temperature T and the stress ߪ produced during the heating 
and cooling stages can be calculated using Eq. 2.3. 
 
ߪ ൌ െߙܶܧ   (2.3) 
 
     In this diagrams  ௬ܶ  is the yield temperature, this is the temperature where yield 
stress is reached during the heating stage. This ௬ܶ can be computed using Eq. 2.4. 
2Ty is the temperature where the tensile yield stress is attained after the cooling stage. 
 
௬ܶ ൌ ఙ೤ఈா     (2.4) 
 
  
 
Fig. 2.2 Thermal stress and strain of a bar fixed at both ends (Low temperature 
heating) [36] 
 
     In case of low temperature heating, that is the maximum temperature Tmax attained 
during the heating cycle  is lower than the yield temperature Ty, as shown in Fig. 2.2, 
no plastic strain is produced and the inherent strain * is equal to zero. 
 
    
Fig. 2.3 Thermal stress and strain of a bar fixed at both ends (Medium temperature 
heating) [36] 
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     Figure 2.3 presents a medium temperature heating process. Here, different from 
low temperature heating process, the maximum attained temperature Tmax is higher 
than the yield temperature Ty but lower than 2Ty. In this case plastic strain is 
generated only during the heating stage. In case of medium temperature heating the 
inherent strain can be obtained using Eq. 2.5. 
 
 
ߝ∗ ൌ െߙ൫ ௠ܶ௔௫ െ ௬ܶ൯				 (2.5) 
 
     
Fig. 2.4 Thermal stress and strain of a bar fixed at both ends (High temperature 
heating) [36] 
     The last case described by the diagram given in Fig. 2.4 is that where the 
maximum attained temperature Tmax is higher than 2Ty. Here plastic strain is not only 
produced during the heating stage after reaching the yielding temperature Ty, but also 
during the cooling stage after the temperature becomes lower than Tmax - 2Ty. For 
this type of heating process the total inherent strain is composed of the plastic 
strain produced during both heating and cooling stage and is given by Eq.  2.6. 
ߝ∗ ൌ െߙ ௬ܶ       (2.6) 
 
     After evaluating the inherent strain by means of thermal elastic plastic analysis.  
This inherent strain can be given as initial strain to the thin shell elements that fall 
within the breadth of the welding/or heating line. Finally, by solving the equilibrium 
equations, strain, stresses and deformations can be calculated. 
 
2.4 The Inherent Deformation Method 
      As presented before, elastic FE analysis can be utilized to calculate the residual 
stresses and distortions produced by welding if the inherent strain is previously 
known. In order to achieve this, a fine FE mesh is necessary in the vicinity of welding 
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and/or heating lines. However this is not practical when dealing with large structures 
due to the difficulty in creating the FE model and the required large amount of 
computational resources. The inherent deformation method is proposed to solve this 
problem.  
 
     Based on the principle that deformation can be calculated by integrating strain, 
inherent deformation can be evaluated by integrating the inherent strain. This 
inherent deformation can be used to predict the welding distortion without losing 
accuracy. 
 
          In this study two different methods to evaluate the inherent deformation have 
been used, by means of integration and by means of cutting.  
  
2.4.1 Evaluation of the Inherent Deformation by Integration 
     One way to obtain the inherent deformation is by integrating the longitudinal 
inherent strain in the welding line direction and the transverse inherent strain normal 
to the welding line using the following equations. 
 
 
ߜ௫∗ ൌ ଵ௛ ׬ ׬ ߝ௫∗݀௬݀௭      (2.3) 
ߜ௬∗ ൌ ଵ௛ ׬׬ ߝ௬∗݀௬݀௭      (2.4) 
ߠ௫∗ ൌ ଵଶ௛య ׬ ׬ ቀݖ െ
௛
ଶቁ ߝ௫∗݀௬݀௭     (2.5) 
ߠ௬∗ ൌ ଵଶ௛య ׬ ׬ ቀݖ െ
௛
ଶቁ ߝ௬∗݀௬݀௭      (2.6) 
 
      In these equations ߜ௫∗ and ߜ௬∗  are the longitudinal inherent deformation and the 
transverse inherent deformation respectively. The other two components ߠ௫∗ and ߠ௬∗ 
are the inherent longitudinal bending and inherent transverse bending. The thickness 
of the plate is given by h, and x, y, z correspond to the welding direction, transverse 
direction and thickness direction, respectively. The inherent deformation depends on 
the heating parameters in the same way as the inherent strain.  
 
    The flat plate model presented in Fig. 2.5 is used to illustrate how the inherent 
deformation is evaluated by means of integration. First the temperature distribution 
under a single heating line on the top of the plate at a heating speed of 10 mm/s is 
computed using FE heat transfer analysis. The maximum attained temperature 
distribution is shown in Fig. 2.5. Figure 2.6 shows the contour displacements for x, 
y and z direction due to thermal load generated by the heating line. 
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Fig 2.5 Temperature distribution for a single heating line at 10 mm/s 
 
 
Fig 2.6 Mechanical analysis results: a) Displacement contour in X direction, b) 
Displacement contour in Y direction, c) Displacement contour in Z 
direction. 
     Figure 2.7 presents the distribution of the inherent deformation components along 
the heating line. As may be seen in Fig. 2.7, the distribution of inherent deformation 
is fairly uniform in the center of the plate. If the edges effect is neglected, it may be 
concluded that the inherent deformation can be represented by the constant value 
given in the center of the plate. This conclusion applies only in case of plates with 
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long enough length. In case of small plates, the inherent deformation tends to 
increase with the plate length and width. [37] 
 
 
 
Fig 2.7 Distribution of inherent deformation components along the welding line 
 
2.4.2 Evaluation of Inherent Deformation by Cutting 
     A different method to evaluate the inherent deformation by means of cutting 
simulation is proposed in this study. In order to do this, first the equivalent plastic 
strain distribution is evaluated in the center cross section of the model as shown in 
Fig. 2.8.  [38] 
     The regions which have no plastic strain are removed using the cutting pattern 
shown in Fig 2.9. The cutting pattern varies with the profile of the joint central cross 
section and the distribution of the effective plastic strain. Additional boundary 
conditions are applied to the model as shown in Fig. 2.9 in order to prevent the 
influence of longitudinal bending on longitudinal shrinkage and transverse bending. 
Also to prevent the rigid body displacement of the separate parts of the model. Once 
the regions without effective plastic strain are removed, the inherent deformation 
can be evaluated using the remaining part of the model. Three components, namely, 
inherent longitudinal shrinkage, transverse shrinkage, and transverse bending are 
evaluated as follows. Since longitudinal bending has small effect on the deformation 
it is neglected. 
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Fig 2.8 Middle cross section Mises plastic strain distribution 
 
 
Fig 2.9 Cutting pattern and boundary conditions 
     Figure 2.10 shows the displacement in X direction along the heating line after 
cutting. Tendon force can be obtained from this graph using Eq. 2.7, where E is the 
Young’s modulus, A is the area of the cross section of the remaining part of the 
model and e is the elastic strain, which is evaluated as the slope of the displacement 
in X direction. 
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Fig 2.10 Displacement in X direction along the welding line after cutting  
FTendon=EAe                  (2.7) 
     This tendon force can then be translated into inherent longitudinal shrinkage 
using Eq. 2.8, [39] where E is  the Young’s modulus, h is the plate thickness, and δL* 
is the inherent longitudinal shrinkage. 
FTendon=EhδL*                  (2.8) 
     Figure 2.11 shows the distribution of the welding transverse shrinkage obtained 
by evaluating the difference in displacement in Y direction between points along 
lines Y1 and Y2 parallel to the welding line. Welding transverse bending is shown in 
Fig. 2.12 obtained by adding the angular distortion on both sides of the welding line. 
 
Fig 2.11 Distribution of transverse shrinkage along welding line direction 
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Fig 2.12 Distribution of transverse bending along welding line direction 
     Unlike the distribution of the displacement in X direction, the edge effect can be 
clearly seen in the transverse shrinkage and bending distributions along the welding 
line. In the same way as with when the inherent strain was evaluated by integration, 
the influence of the edge effect is neglected and the inherent deformation is 
approximated as a constant value taken on the central portion of the distribution. 
 
Evaluation Method L. Shrinkage T. Shrinkage T. Bending
Integration 0.1354 0.1907 0.0156 
Cutting 0.1306 0.1908 0.0162 
Table 2.1 Comparison between inherent deformation components evaluated by 
integration and cutting simulation 
 
     Table 2.1 presents a comparison between the magnitudes of the inherent 
deformation components longitudinal shrinkage, transverse shrinkage and 
transverse bending, obtained by means of integration of inherent strain and cutting 
simulation. As may be seen in this table, good agreement between the inherent 
deformation components computed with the two different methods is obtained. 
Therefore, it can be concluded that cutting simulation is good enough to predict the 
distribution as well as the magnitude of the inherent deformation obtained during the 
whole process.  
Chapter 2 Method of Analysis 
20 
 
     Once inherent deformation is evaluated, is not necessary to give it to the thin 
elements within the welding/or heating breadth. Inherent deformation is given 
directly to the welding/or heating line. Finally by solving the equilibrium equations 
strains, stresses and deformations can be computed. 
2.5 Interface Element 
     Under idealized conditions where all the members of a structure to be assembled 
by welding have no geometrical imperfections and are all accurately positioned with 
sufficiently strong tack welding and then welded simultaneously, the final distortion 
of the structure can be analyzed using only the welding inherent deformation. 
 
     In actual practice, this is not the case. When assembling welded structures, first, 
members are positioned, then, in order to prevent them from moving, they are 
attached together by tack welding, finally the members are sequentially welded 
together. This is repeated when building subassemblies, assemblies, blocks and then 
assembling blocks in the whole structure. It is in this repeated process that the 
members which have been already assembled may have variations from the original 
designed geometry and dimensions due to positioning errors and welding distortion. 
As a consequence, gaps and misalignments occur during the fitting (positioning and 
tack welding) stage. These gaps and misalignments can also be generated due to 
geometrical imperfections due to cutting and forming. 
 
     In cases where the gap and misalignment between two members surpass the 
tolerable limit, they are adjusted during the fitting process before being tack welded. 
Therefore gaps and misalignments and their correction during fitting have a major 
influence over the final distortion of the welded structure. 
 
 
Fig. 2.13 Fillet joint with interface elements (distributed spring). 
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     In order to accurately predict the distortion of welded structures, gaps, 
misalignments and fitting forces should be taken into consideration. Generally 
speaking, the nature of the connection between each two members to be welded 
together in the different stages of the assembly process should be considered. In the 
inherent deformation method, this nature of the connection during the assembly 
process is modeled by means of the interface element. [40] [41] 
 
    The interface element is a distributed non-linear spring which is inserted between 
two members forming a welded joint as shown in Fig. 2.13. Spring has six degrees 
of freedom, namely linear and rotational freedoms in x (longitudinal), y (normal) 
and z (misalignment) directions. For each direction, the relative displacements x, 
y, z, x, y andz each with its own corresponding stiffness Kx, KY, Kz, Kx, Ky 
and Kz are defined.  
 
      
                      (a) Without gap                                                (b) With gap 
Fig. 2.14 Bonding force and relative displacement relation in normal direction: a) 
Without gap, b) With gap 
     
     The normal force acting in y direction on the cross-section of the welded joint as 
shown in Fig. 2.14 (a) can be computed by means of the following equations. 
 
ܨ௬ ൌ ܨ௠௔௫					ߜ௬ ൐ ݎ௢      (2.9) 
ܨ ൌ ܭ௢ߜ௬						ݎ௢ ൐ ߜ௬ ൐ 0   (2.10) 
ܨ௬ ൌ ܭ௖ߜ௬					0 ൐ ߜ௬  (2.11) 
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     Here,  ܭ௢ represents the resistance against deformation in the opening direction. ܭ௖ is the resistance to deformation in the closing direction, this value is set large 
enough in order to prevent penetration between the members.  
     The state between members A and B can be represented by varying the stiffness 
of the spring. When members A and B are still not joined, the stiffness can be set to 
a very small value such as 10-3 N/mm3. On the other hand when both members are 
strongly joined together after welding the stiffness is set to a large value such as 107 
N/mm3. In the fitting stage, appropriate value of stiffness is given according to the 
strength of the fitting forces and tack welding. 
     If there is a gap between the two members that is not meant to be closed as shown 
in Fig. 2.14 (b), the normal force acting in y direction on the cross-section of the 
welded joint can be computed using the following equations. 
 
ܨ௬ ൌ ܨ௠௔௫					ߜ௬ ൐ ݎ௢ ൅ ܩ௬      (2.12) 
ܨ௬ ൌ ܭ௢ሺߜ௬ െ ܩ௬ሻ						ݎ௢ ൅ ܩ௬ ൐ ߜ௬ ൐ ܩ௬   (2.13) 
ߪ௬ ൌ ܭ௖ሺߜ௬ െ ܩ௬ሻ					ܩ௬ ൐ ߜ௬  (2.14) 
 
 
                      (a) Without gap                                                (b) With gap 
Fig. 2.15 Bonding force and relative displacement relation in the shear and rotational 
directions: a) Without gap, b) With gap. 
 
     Figure 2.15 shows the relation between displacement and bonding forces in the 
sliding and rotational directions. Forces acting in this directions can be computed by 
means of the following equations. 
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ܨ ൌ ܨ௠௔௫					ߜ ൐ ݎ௢      (2.15) 
ܨ ൌ ܭߜ						ݎ௢ ൐ ߜ ൐ െ	ݎ௢   (2.16) 
ܨ ൌ െܨ௠௔௫ 				െ 	ݎ௢ ൐ ߜ (2.17) 
 
     In case there is gap G present then forces in sliding and rotational directions can 
be calculated using this equations. 
 
ܨ ൌ ܨ௠௔௫					ߜ ൐ ݎ௢ ൅ ܩ      (2.18) 
ܨ ൌ ܭሺߜ െ ܩሻ					ݎ௢ ൅ ܩ ൐ ߜ ൐ െ	ݎ௢ ൅ ܩ   (2.19) 
ܨ ൌ െܨ௠௔௫ 				െ 	ݎ௢ ൅ ܩ ൐ ߜ (2.20) 
 
      In this way, gap and misalignment can be introduced in computation. Also, the 
gap can be controlled by changing the stiffness of interface element. However, for 
quantitative prediction, the stiffness should be determined based on experiment.  
 
2.6 Conclusions 
     The theories, methods and tools used to carry out this study are outlined in this 
chapter. Thermal elastic plastic FEM is employed to study the transient temperature 
distributions of welding and line heating processes, and the deformation and residual 
stress distributions produced as a result of thermal cycle. Deformation is then 
evaluated as inherent deformation components. Two different methods to compute 
the inherent deformation are described. The interface element used to model the 
nature of the connection between each two members to be welded together in the 
different stages of the assembly process is outlined. 
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Chapter 3 Heat Source Model  
     As mentioned in the previous chapter, the thermal–mechanical behavior of the 
line heating process is analyzed by means of thermal elastic plastic analysis. The 
way of modelling the heat source plays an important role in the accuracy of the 
numerical analysis results. In this chapter, different types of heat sources used in line 
heating are briefly discussed. In welding simulation, heat is given directly to the 
elements located on the welding line. However, in case of gas heating this cannot be 
done. In this chapter the model used to represent the gas heat source model is 
presented. Finally, comparison between numerical analysis and experiments is 
carried out in order to validate the accuracy of the model. 
3.1 Types of Heat Sources Used for Line Heating 
     In line heating, heat can be applied in three different ways: using a gas heating 
torch, using a high frequency induction heating coil or by means of a laser beam. 
The most traditional among these three heat sources is a gas heating torch. Studies 
have been carried out in order to model the temperature fields experienced during 
flame heating [5] [6]. Methods to quantify parameters such as the temperature of the 
gas and the heat transfer coefficients between the gas and the heated plate surface 
have been employed. [7]  
     Heating by means of an induction heating coil has been an active topic of research 
during the last decades. Compared to heating with a gas heating torch, induction 
heating is favorable from the point of view of noise and reduction of air 
contamination. Computer aided planning process for forming of curved plates by 
induction heating has been developed. [9] [10] [11] [12]  
     The third alternative for applying heat is by means of a laser beam. Advantages 
are that due to the high concentration of the heat input it provides the ability to 
control factors such as the size and geometry of the heat source. It also offers the 
possibility of forming thick plates. Recent studies have focused efforts on 
understanding the mechanics behind laser forming as well as techniques to properly 
select the different types of laser beams and heating conditions. [42] [43] 
     Although heating with induction heating coils and laser beams sounds very 
promising, many shipyards still stick to the conventional method of forming and 
straightening using gas heating torch. In this chapter, an appropriate numerical heat 
source model, selection of heating conditions and heating techniques using a gas 
heating torch are discussed. 
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3.2 Implementation of an Accurate Heat Source Model  
     In this study, the gas heating torch is modeled using a heat source model proposed 
by Osawa [7]. This heat source model is based on the hypothesis that, for a specific 
torch with specific gas flow rate, the distributions of the temperature of the gas 
adjacent to the heated surface TG, and the overall local heat transfer coefficient α, 
depend only on the distance r from the projection of the center of the heating nozzle 
on the plate. This hypothesis is based on results obtained by Tomita [44] from 3-
dimensional gas temperature fields within the combustion flames during spot heating 
tests, utilizing a laser induced fluorescence (LIF) measurement system. This 
hypothesis can be represented in terms of a linear relationship between the heat flux 
q and the heated surface temperature as shown in Eq. 3.1. 
 
q (t, r) = -r) TS (t, r) + r) TG(r)                 (3.1) 
 
     Where, t is the time and r is the distance from the projection of the center of the 
heating nozzle on the plate. Time histories of heat flux q(t,r) and heated surface 
temperature Ts(t,r) are predicted using inverse heat transfer analysis from measured 
plate back surface temperatures TB during spot heating test using the experimental 
setup shown in Fig. 3.1. Then, the two heat input parameters α(r) and TG(r) can be 
evaluated by performing a linear regression analysis on the relation between q(t,r) 
and Ts(t,r). In this study, the heat input parameters TG(r) and α(r) shown in Figs. 3.2 
and 3.3 were obtained from seven different spot heating tests using three different 
oxy-acetylene gas heating torches.  
 
 
                                
                                 (a)                                                                   (b) 
Fig.3.1 Surface temperature measuring device: a) Experimental setup, b) 
Thermocouple arrangement on the back surface of the plate. 
Chapter 3 Heat Source Model 
26 
 
 
Fig. 3.2 Local heat transfer coefficient α(r) between gas and heated surface. 
 
 
Fig. 3.3 Temperature of the gas TG(r) adjacent to the plate surface. 
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3.3 Validation of the Gas Torch Heat Source Model 
     The heat source model presented in the previous section was integrated into our 
in-house code JWRIAN (Joining and Welding Research Institute Analysis program). 
To validate the accuracy of the heat source model, comparisons between thermal 
elastic plastic analysis of a heating experiment and experimental measurements are 
carried out.  
     The heating experiment consisted of applying heating lines in positions 1 and 9 
separately at different heating speeds on the outer surface of the one meter U-rib 
shown in Fig. 3.4. Temperature history is recorded on the inner surface of the U-rib 
during heating by placing thermocouples in the 8 different locations shown in Fig. 
3.4. In this chapter this type of U-rib model is intended only for the purpose of 
validating the accuracy of the gas heat source model for the gas heating. Chapter 4 
presents a more detailed explanation of how line heating is used to bend this U-ribs 
which can later be welded to structures such as curved bridges and highways. 
 
 
Fig.  3.4 Heating and measuring locations of the U-rib tested in experiments, a) 
Heating locations, b) temperature measurement locations 
     Figure 3.5 shows the experimental setup used to carry out the heating experiments. 
A gas heating torch mounted on an automatic carriage with adjustable speed was 
used to heat the outer surface of the U-rib. The height of the gas heating torch was 
adjusted for each heating location. A gas heating torch with characteristics matching 
those of gas heating torch No. 800 shown in Figs 3.2 and 3.3 was used to apply the 
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heating. Figure 3.6 shows the arrangement of thermocouples attached to the inner 
surface of the U-rib. Figure 3.7 shows the device used to record and plot the 
temperature history during both the heating and cooling processes.  
 
 
Fig.  3.5 U-rib heating experimental setup. 
 
 
 
Fig.  3.6 Thermocouple arrangement within the U-rib. 
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Fig.  3.7 Experimental setup to record temperature history of U-rib line heating 
process. 
     Figure 3.8 shows a comparison between the temperature history recorded in 
experiments and the one evaluated by numerical simulation when one heating line 
was applied in location 1 at a speed of 1000 mm/min (16.67 mm/s). Figure 3.8 (a) 
shows the temperature recorded in experiment. Figure 3.8 (b) shows the temperature 
evaluated at the nodes of the inner surface of a one meter U-rib FEM model 
corresponding to the same locations where temperature was measured in 
experiments. The maximum attained temperature for a heating line at a speed of 
16.67 mm/s is also shown in Fig. 3.8 (b). 
 
(a) 
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(b) 
Fig.  3.8 Temperature history of heating at location No.1, (a) Recorded in experiment, 
(b) Evaluated using numerical analysis 
     Figure 3.9 shows a similar comparison between the temperature history recorded 
in experiments and that evaluated by numerical simulation when one heating line 
was applied at location 9 with a speed of 1000 mm/min (16.67 mm/s). 
 
(a) 
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(b) 
Fig.  3.9 Temperature history of heating at location No.9, a) Recorded in experiment, 
b) Evaluated using numerical analysis. 
 
     After carefully inspecting Figs. 3.8 and 3.9, it can be seen that good agreement 
was obtained for the maximum attained temperature. In case of numerical simulation 
the cooling rate was slightly slower compared with that recorded in experiments. 
This could be due to slight difference between the thermal properties used in the 
numerical analysis and those of the material used in experiments, however the 
difference is small and may be neglected.  
     As can be seen in these two figures, although the heating lines were applied at 
the same heating speed, the maximum attained temperatures are different for heating 
locations 1 and 9. This is due to the difference of the thermal boundary conditions 
of the two heating locations. In case of heating location 1, heat takes longer to 
dissipate compared to heating location 9 where heat spreads over a larger region of 
the U rib due to heat conduction, thus showing smaller maximum attained 
temperatures. 
     From these results it can be concluded that the heat source model is accurate 
enough to represent the gas heating process, and it can be used to carry out 
simulation of thermal processes such as forming and straightening using gas heating 
torches.  
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3.4 Conclusions 
     In this chapter a brief review on the different types of heat sources used in line 
heating was presented. The gas heating torch heat source model used in this study to 
model forming and straightening processes by means of line heating was described. 
Validation of the heat source model was carried out by comparing experimental 
measurements with numerical analysis results. Good agreement was obtained 
between experiment and simulations, it was concluded that the heat source model is 
accurate enough to simulate the different applications of line heating with a gas torch.  
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Chapter 4 Application of Line Heating in Forming  
     In general, most of the research done up until now on line heating as a forming 
process is focused on its application in the shipbuilding industry. In this chapter an 
application of line heating as a forming process is presented. Bending of U-ribs 
assembled on curved structures such as those encountered on bridges and highways.  
     First, a description of bending of a U-rib using gas line heating is given. The U-
rib bending process is analyzed using FEM thermal elastic plastic analysis. Selection 
of the proper heat input parameters shown in the previous chapter is performed to 
match the characteristics of the gas torch utilized during experiments. Comparison 
of temperature distributions and deformations due to gas heating computed by 
numerical analysis and measured in experiments is carried out.  
     The influence of heating location and heating speed on the overall behavior of a 
U-rib is studied using the inherent strain method. A simple mathematical model to 
predict the deformation of a U-rib is proposed. Selection of heating conditions to 
optimize the U-rib bending process in terms of time and fuel consumption is carried 
out using the proposed mathematical model for various sets of heating locations and 
heating speeds used in actual practice. 
4.1 Bending of U-rib by Means of Gas Heating 
    Bending experiments of a 7 m length U-rib have been performed. The bending 
process consists of applying two heating lines starting at the same time and traveling 
at two different speeds of 8 and 16 mm/s. These two heating lines were applied on 
the top and on the bottom of one side of the U-rib outer surface as shown in Fig. 4.1. 
Heat was applied using propane fueled gas heating torches. Results are given later 
in comparisons with FE analysis results.  
 
Fig. 4.1 7m U-rib Model 
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4.2 U-rib FEM Analysis and Results 
     The U-rib bending process using gas heating is investigated using thermal elastic 
plastic FE analysis outlined in chapter 2. The analysis consists of two major steps. 
First, thermal analysis to compute transient temperature distributions produced in 
the U-rib by the two heating lines is carried out. These transient temperature 
distributions are applied as a transient thermal load in a following mechanical 
analysis to predict the deformation of the U-rib. 
4.2.1 Selection of Heat Input Parameters 
     In order to select proper heat input parameters, the proposed heat source model 
described in chapter 3 has been implemented into our in-house code JWRIAN. Since 
propane heating parameters are not available, seven different sets of acetylene heat 
input parameters shown in chapter 3 were used to carry out thermal analyses. To 
save computational time, temperature distributions produced by two simultaneous 
heating lines moving with different speeds were computed using a 1 m U-rib FE 
model. 
     To emulate the way of measuring the temperature in experiments, the temperature 
was evaluated at the top and at the bottom of the inner surface of the U-rib model 
central cross section, as shown in Fig. 4.2. Temperature was evaluated in these 
locations for all the seven heat input parameter sets. The red markers plotted in Fig. 
4.2 correspond to three sets of maximum attained temperatures measured in 
experiments. 
 
Fig. 4.2 Comparison between the maximum achieved temperatures obtained from                    
thermal analyses and U-rib experimental measurements. 
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     From these results it can be concluded that the set of heat input parameters 
corresponding to spot heating Test 02 are the ones with characteristics similar to 
those used in U-rib bending tests in actual practice. Therefore, these heat input 
parameters were selected as the heating parameters of the heat source model. 
     Figure 4.3 shows the transient temperature distribution at 40 s from the start of 
heating using the set of heat input parameters given by Test 02. It can be seen that 
although the FE model is short (only 1 m) compared to the actual length of the U-
rib used in experiments (7 m), the 1 m U-rib model length is long enough to give a 
good prediction of the maximum attained temperatures and calibration of the heat 
source model. 
 
Fig. 4.3 Transient temperature distribution of the one meter U-rib at 40 s from the 
start of heating as obtained by thermal analysis. 
4.2.2 Thermal Analysis and Results 
     After selecting the heat input parameters, thermal analysis was carried out on a 7 
m U-rib FE model. As shown in Fig. 4.4 two simultaneous heating lines, one on the 
top with a speed of 8 mm/s and one on the bottom with a speed of 16 mm/s are 
adopted in the analysis.  
     Figure 4.5 shows the transient temperature distribution for the 7 m U-rib model 
at 400 s from the start of heating, Maximum attained temperature was evaluated at 
eight different points on the inner surface of the U-rib FE model as shown in Fig. 
4.6. As it can be seen in Fig. 4.7, good agreement was found between the computed 
and the experimentally measured maximum temperatures. 
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Fig. 4.4 Seven meter U-rib FE model. 
 
 
 
Fig. 4.5 Transient temperature distribution of the 7 m U-rib at 400 s from the start 
of heating. 
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Fig. 4.6 Inner surface points where maximum achieved temperature was evaluated. 
 
Fig. 4.7 Comparison between measured and computed maximum achieved 
temperatures on the 7m U-rib.  
4.2.3 Mechanical Analysis and Results 
     After selecting proper heat input parameters, deformation of the 7 m U-rib due to 
the thermal load produced by the two heating lines is computed. Boundary 
conditions are such that the 4 corner points are fixed in the vertical (Z) direction, 
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displacements in the other 2 directions are restrained to prevent in plane rigid body 
motion as shown in Fig. 4.4. 
     Figure 4.8 shows the deformation of the 7 m U-rib produced by the two 
simultaneous heating lines. In order to compare the results of numerical analysis 
with those measured in experiment, displacement was evaluated on both the heated 
and non-heated surfaces at the same points where displacement was experimentally 
measured as shown in Fig. 4.9. 
 
Fig. 4.8 Y Displacement Contour of the 7 m U-rib due to gas heating. 
 
 
Fig. 4.9 Positions where the displacement was evaluated numerically and   
experimentally, (a) 7 m U-rib heated surface, (b) 7m U-rib non heated 
surface. 
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     The overall deformation of the U-rib due to gas heating can be defined in terms 
of four components as shown in Fig. 4.10. [45] These four components of deformation 
can be expressed in terms of displacements in x and y directions at points A and B 
on the U-rib center cross section as: 
 
)(5.0
YY BAI
UUB   (In-Plane Bending)                   (4.1) 
)(5.0
ZZ BA
UUBo   (Out of Plane Bending)           (4.2) 
)(5.0
ZZ BAT
UUB   (Twisting)                                (4.3) 
)(5.0
YY BAD
UUB   (Cross Section Distortion)       (4.4) 
 
 
Fig. 4.10 Deformation components of the U-rib due to gas heating. [45] 
     Among these four components of deformation, in-plane bending is the desired 
deformation, and the other three components, out of plane bending, twisting and 
distortion of the cross section are undesired deformations. Figure 4.11 shows 
comparisons between thermal elastic plastic FE Analysis results and experimental 
measurements for both, the heated and the non-heated surfaces of the 7 m U-rib. 
     From this two figures it can be seen, that the magnitude of displacement in Y 
direction obtained by numerical analysis has good agreement with those measured 
on the heated surface. On the non-heated surface there is a difference of 6 % between 
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the displacement obtained from numerical analysis and the one measured in 
experiment. Besides the natural scatter of experimental results, the main reason for 
this difference may be attributed to the difference of the fuel gas used in experiments 
(propane), and the one used to evaluate heating parameters used in analysis 
(acetylene). 
 
(a) 
 
(b) 
Fig. 4.11 Comparison between the surface Y displacements obtained by numerical 
analysis and experimental measurements, (a) 7 m U-rib heated surface, 
(b) 7 m U-rib non-heated surface. 
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4.3 Optimization of the U-rib Bending Process  
     The main objective of the optimization is to be able to predict the combination of 
heating locations and traveling speeds which produces the desired amount of in-
plane bending with less undesired deformation while consuming less time and fuel 
gas. This study has been divided into two stages, as shown in Fig. 4.12.  
 
 
 
 
Fig. 4.12  Flow chart of U-rib bending process optimization. 
     Generally the deformation of the U rib w can be described by the following 
equation  
 wd
dww          (4.5) 
     Where is the inherent deformation produced by line heating applied at a specific 
location with a specific traveling speed and wrepresents a response function which 
gives the deformation produced by unit inherent deformation. The equation in Fig. 
4.12 describes the full form of the equation used to optimize the bending of U-rib, 
i.e.   
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     Where wk is the k-th component of deformation and k represents the four 
components of deformation of the U-rib: in-plane bending, out of plane bending, 
twisting, and distortion of cross section. ij is the i-th component of inherent 
deformation caused by heating line j. Where i = L (longitudinal), T (transverse) and 
(transverse bending), and wkij unit is the k-th component of deformation produced 
by the i-th component unit inherent deformation caused by a pair of two heating lines 
j. Due to the fact that the magnitude of the distortion of cross section is considerably 
small it is neglected in this study. 
4.3.1 Influence of Heating Location and Heating Speed  
     First, inherent deformation ij was evaluated. Thermal elastic plastic analysis of 
the line heating process on the 2 m U-rib FE model shown in Fig. 4.13 was carried 
out for different heating locations between locations 1 and 16, with different 
traveling speeds between 8 and 32 mm/s. Experience has shown that a 2 m model is 
long enough to get a good prediction of the inherent deformation without consuming 
computational resources. Further, the results obtained with this inherent deformation 
are compared with tests. Figures 4.14, 4.15, and 4.16 show the influence of the 
heating location and speed on inherent longitudinal shrinkage, inherent transverse 
shrinkage and the inherent transverse bending respectively. In case of inherent 
longitudinal and transverse shrinkage, inherent deformation becomes smaller when 
the heating line is close to the top and the bottom edges. Transverse bending changes 
linearly with respect to the heating location. 
 
Fig. 4.13 Flat plate model used to compute the inherent deformation for different 
traveling speeds. 
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Fig. 4.14 Distribution of inherent longitudinal shrinkage obtained for different 
heating locations and traveling speeds on a 2 m U-rib. 
 
 
Fig. 4.15  Distribution of inherent transverse shrinkage obtained for different heating 
locations and traveling speeds on a 2 m U-rib. 
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Fig.  4.16  Distribution of inherent transverse bending obtained for different 
heating locations and traveling speeds on a 2 m U-rib. 
      In order to verify the accuracy of the inherent deformation ij computed using 
thermal elastic plastic analysis of a 2 m U-rib, shell elastic analysis was carried out 
using a 7 m U-rib shell model and the results are compared with experimental 
measurements. The comparison is shown in Fig. 4.11 Good agreement was obtained 
between the three methods namely thermal elastic plastic analysis, shell elastic 
analysis and experiment. It may be concluded that the inherent deformation ij 
evaluated by the thermal elastic plastic analysis of the 2m U-rib is accurate enough 
to be employed in the optimization analysis.  
      The location where a heating line is applied has a major influence on the 
deformation of the U-rib as shown by wk ij unit in Eq. 4.6. This influence was 
investigated using shell elastic analysis applying unit inherent deformation namely 
longitudinal shrinkage, transverse shrinkage and transverse bending on different 
heating locations varying from 1 to 16 as shown in Fig. 4.17.  
 
Fig. 4.17 Heating locations on the heated surface of the U-rib. 
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      Figure 4.18 shows the four components of deformation of the U-rib when 
applying only unit longitudinal inherent deformation at different heating locations. 
The same analysis was carried out for the other two components of unit inherent 
deformation, namely, unit inherent transverse shrinkage and unit inherent transverse 
bending.  
 
Fig. 4.18 Deformation components of the 7m U-rib caused by unit longitudinal 
inherent strain at different heating locations. 
 
 
Fig. 4.19 Different sets of heating conditions for bending of the 7 m U-rib. 
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4.3.2 Selection of Optimum Heating Conditions 
     In order to make a visual selection of the optimum heating conditions, Eq. 4.6 
was evaluated for all possible combinations within the practical range, that is 
traveling speeds between 8 mm/s and 32 mm/s and heating locations from 1 to 16. 
Figure 4.19 shows the result of this computations for the 7 m U-rib FE model. In this 
figure the x axis represents the desired deformation (in-plane bending) and the y axis 
represents the undesired deformation (twisting and out of plane bending). 
     This graph can be divided into three regions as seen in Fig. 4.19. In case of 
regions A and C, the ratio between desired deformation and undesired deformation 
is not favorable, thus, the heating conditions in this region are not considered. The 
heating conditions which fall within region B in particular those within the blue 
region are the most efficient points in terms of quality. The range of in-plane bending 
that can be produced by heating conditions in region B, ranges from 1 up to 50 mm.  
     The in-plane bending of four random heating conditions used in actual practice 
were plotted within Region B as shown in Fig. 4.20. This four cases are represented 
by red markers (Heating Locations 1 and 17). As seen from this graph, what is being 
done in actual practice is very efficient. However by selecting heating conditions 
within the efficient region represented by blue markers (Heating Locations 2 and 10), 
it is possible to produce the same amount of in-plane bending with similar quality 
using faster speeds. 
 
Fig. 4.20 Comparison of in-plane bending produced with actual heating conditions 
and optimum heating conditions. 
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     As seen in Fig 4.21, with the new heating conditions, not only we manage to 
ensure quality but also reduce the amount of consumed fuel gas and labor time. 
 
 
Fig. 4.21 Time consumption comparison between actual heating conditions and   
optimum heating conditions. 
4.4 Conclusions 
     This chapter described the bending process of U-ribs by means of line heating 
using a gas heating torch. An accurate heat source model was used to carry out 
thermal elastic plastic FEM analysis to evaluate temperature distributions and 
deformations produced on the U-rib due to line heating. Using inherent strain the 
influence of heating location and heating speed were evaluated. A mathematical 
model to represent the deformation of the U-rib as a function of heating location, 
and heating speed was developed. Optimum heating conditions for bending of the 
7m U-rib were proposed. This optimum heating conditions, manage to produce the 
same amount of desire deformation (in-plane bending) as produced in practice, but 
saving considerable time and fuel gas. 
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Chapter 5 Application of Line Heating in Straightening 
      
     The previous chapter dealt with the forming applications of line heating. Another 
common application of line heating is using it as a straightening method for 
correcting structures distorted by welding or rectifying accidentally damaged 
structures. This study is focused on correction of welding distortion. In both cases 
of forming and straightening, there is a strong dependence on the empirical 
knowledge of workers to decide the proper heating conditions. The main objective 
of this chapter is to provide guidance on how to choose the right heating conditions 
to correct welding distortion in actual practice.   
     In this chapter an introduction to welding distortion and its generation mechanism 
is presented. Next, different methods to straighten welding distortion both thermal 
and mechanical are listed. The methodology of how to select the proper straightening 
method to correct welding distortion is also presented. In order to do this, welding 
distortion of a single stiffener stiffened panel is computed by means of thermal 
elastic plastic FEM analysis. Comparison between three different straightening 
patterns commonly used in real practice is carried out. Selection of the most efficient 
straightening pattern in terms of fuel and time consumption to correct the welding 
distortion of the single stiffener stiffened panel is performed. 
     The last part of this chapter studies the straightening of complex 3D structures 
distorted due to welding assembly. Attention is focused on correcting the twisting 
deformation caused by welding of a bilge block. The principal factors responsible 
for the distortion of the bilge block during welding assembly are discussed. Finally, 
selection of the proper heating conditions to correct the welding distortion by means 
of line heating is presented. 
 
5.1 Welding Distortion  
     Before discussing in more detail methods to straighten welding distortion, it is 
important to have an understanding of welding distortion and how it is generated.      
     Today, welding is the most widely used assembly method, used by many 
industries such as shipbuilding, bridges and civil steel structures and automotive 
industries, due to its efficiency, versatility and reliability. However, welding always 
produces certain amount of welding distortion that, if not controlled or efficiently 
corrected, reduces the quality of products and causes delays in production schedules.  
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     Welding distortion is primarily caused by the combined effects of locally applied 
heat in the weld zone, and restraint provided by the relatively cold metal on both 
side of the weld bead and by other members of the structure. It is a result of inherent 
strain created by uneven heating that causes permanent shape changes. Together 
with permanent shape changes, residual stress arises in welded structures. This 
residual stress can weaken a structure because the residual stress acts as an initial 
load on top of external loads, thus it reduces the total load the structure can withstand. 
Figure 5.1 shows common types of welding distortion produced by the shrinkage of 
the weld line which is induced by unequal thermal expansion and contraction of the 
structure during welding. 
 
Fig. 5.1 Four components of welding distortion. 
     Many researchers have dedicated years of research to find ways to reduce 
welding distortion. McPherson [46] and Huang [47] showed that incorrect handling of 
plates prior to the welding process may produce initial deflections in the plates, 
which can generate distortion during welding process. Goldak [48] showed that tack 
welds can reduce distortion, and that less distortion will be induced in a joint if more 
tack welds are used. It was concluded that the distortion was sensitive to the number 
and position of the tack welds. Tsai [49] showed that weld sequencing can minimize 
distortion and therefore improve the flatness of panels. Other researchers have been 
able to find out other ways in which welding distortion can be minimized; however 
most of these techniques have not been fully applied in shipyards because of the 
difficulty of controlling manual welding.  
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     Although lots of effort and dedication have been done to efficiently prevent 
welding distortion, it is a fact that, even in small amounts, welding distortion will 
always be generated. Due to this straightening methods are necessary. 
 
5.2 Welding Distortion Straightening Processes  
In order to correct welding distortion, there are mechanical and thermal 
straightening processes which are already applied in practice. [50] 
 
5.2.1 Mechanical Straightening 
     Some of the most commonly used mechanical straightening techniques are listed 
below: 
 Mechanical pressing of members which are small enough to be handled by a 
press.  
 Jacking of members in place. Usually this method requires the welding of a 
strong back in place to transmit the jacking force. Jacking can be 
accomplished with or without the application of heat.  
 Hammering of locally heated areas.  
 Peening of the weld metal itself.  
 Cutting the distorted panel, thus removing some material and welding the cut 
back together.  
 Vibratory stress relieving. A variable speed vibrator is clamped to the welded 
structure and vibrated at resonant frequency for 10 to 30 minutes to remove 
distortion.  
     As may be seen, most of this techniques consist on hammering and pressing the 
weld distorted region. Although able to reduce the distortion, these methods can 
trigger surface damage and also generate local work hardening which can be harmful 
for the overall integrity of the structure.  
 
5.2.2 Thermal Straightening 
Another way to correct welding distortion is by means of thermal straightening 
or most commonly known as heat straightening. This process consists of applying 
specific heating patterns to the plastically deformed regions of welded structures or 
accidentally damaged steel in repetitive heating and cooling cycles using a gas torch 
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to gradually straighten the material. The process relies on internal and external 
restraints that produce thickening during the heating phase and in-plane contraction 
during the cooling phase. Heat straightening in contrast to mechanical straightening 
methods does not rely on force as the primary instrument of straightening. Rather, 
thermal expansion/contraction is an irreversible process in which each cycle leads to 
a gradual straightening. [51] 
 
5.3 Heat Straightening of Flat Stiffened Panels 
     In order to establish the procedure of selecting the appropriate heat straightening 
pattern together with the most efficient heating conditions, the welding distortion of 
a single stiffener stiffened panel is analyzed. 
 
5.3.1 Flat Stiffened Panel Welding Distortion 
     Welding distortion of a single stiffener stiffened panel is computed by means of 
thermal elastic plastic FEM analysis. Figure 5.2 shows the dimensions of the panel 
used in this study. Upper flange is assumed to be already joined to the web and 
therefore welding the web to the upper flange is not considered. 
 
 
Fig 5.2 Stiffened panel FEM model. 
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5.3.1.1 Welding Thermal Analysis 
     As shown in Fig. 5.2, sequential fillet weld is applied on both sides of the web. 
Welding conditions used to carry out welding thermal analysis are given in table 5.1. 
Uniform heat flux was given directly to the elements that make the fillet. 
Table 5.1 Welding Conditions 
 
     Figure 5.3 (a) shows the maximum attained temperature distribution obtained for 
each welding pass. The red area in Fig. 5.3 (b) represents the melted zone, that is, 
the region whose maximum temperature went above 1450 degrees Celsius. As seen 
in Fig. 5.3, good weld pool shape was obtained. 
 
 
Fig 5.3 Weld pool shape: (a) Actual temperature distribution, (b) Melted zone. 
5.3.1.2 Welding Mechanical Analysis 
     In order to compute the deformation of the panel due to welding, the boundary 
conditions shown by the green arrows in Fig. 5.4 were employed. These boundary 
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conditions restrain only the rigid body motion of the panel. Figure 5.5 shows the 
deformation and contours of displacement in X, Y and Z directions due to applying 
the transient temperature distributions obtained from the heat transfer analysis as a 
thermal load.  
 
Fig 5.4 Stiffened panel boundary conditions. 
 
Fig 5.5 Mechanical analysis results: a) Displacement contour in X direction, b) 
Displacement contour in Y direction, c) Displacement contour in Z 
direction. 
Chapter 5 Application of Line Heating in Straightening 
54 
 
     The welding distortion of the panel is then evaluated as inherent deformation. 
Cutting simulation previously explained in chapter 2 was used to evaluate the 
inherent deformation. Figure 5.6 shows the equivalent plastic strain distribution 
evaluated on the center cross section of the model. The red dotted lines show the 
cutting pattern locations used to carry out the cutting simulation. 
 
Fig 5.6 Middle cross section Mises plastic strain distribution. 
 
     Figure 5.7 shows the x displacement in the welding direction. This distribution 
will be employed to calculate the tendon force generated due to welding.  
 
 
Fig 5.7 Displacement in X direction along the welding line direction. 
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     Figure 5.8 shows the distribution of the welding transverse shrinkage obtained by 
evaluating the difference in displacement in Y direction between points 1 and 2 along 
the welding line.  
 
Fig 5.8 Distribution of welding transverse shrinkage along the welding line direction. 
     Welding transverse bending is shown in Fig 5.9 obtained by adding the angular 
distortion on both sides of the web along the welding line. Out of these three inherent 
deformation components, attention is focused on correcting the welding transverse 
bending. 
 
Fig 5.9 Distribution of welding transverse bending along the welding line direction. 
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5.3.2 Heat Straightening Patterns 
     Three heat straightening patterns commonly employed in real practice in 
shipyards are evaluated in this study and compared to each other in order to select 
the most efficient pattern to correct the angular welding distortion of the single 
stiffener stiffened panel.  
 
5.3.2.1 Single Heating Line 
     The first heat straightening pattern consists of applying a single straight heating 
line on the surface of the plate opposite to the web as shown in Fig. 5.10 (a). Figure 
5.10 (b) shows the maximum attained temperature distribution on the  surface of the 
plate obtained after applying a single heating line at a heating speed of 12 mm/s.  
 
5.10 Single Heating Line Pattern: (a) Heating pattern, (b) Maximum attained 
temperature distribution on the surface of the plate at 12 mm/s. 
5.3.2.2 Two Heating Lines 
     The next heat straightening pattern consists of heating the surface of the single 
stiffener stiffened panel by means of two simultaneous parallel heating lines 
opposite to the fillet weld toes. As shown in Fig. 5.11 (a), the spacing between the 
two parallel heating lines is 20 mm.  Figure 5.11 (b) shows the maximum attained 
temperature obtained after applying the two heating lines at 12 mm/s.  
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5.11 Two Heating Lines Pattern: (a) Heating pattern, (b) Maximum attained 
temperature distribution at 12 mm/s. 
     Dealing with two simultaneous parallel gas heating torches brings out the 
problem of modeling the interaction between the two torches. There are two possible 
approximations as described by the schematic diagrams shown in Fig. 5.12, either 
considering or neglecting the interaction between heat fluxes assuming simple 
superposition. 
     Figure 5.13 shows the difference in maximum attained temperature evaluated on 
the heating lines for each of the approximations shown in Fig. 5.12.  As seen in this 
graph when the torches are close to each other there is a difference of approximately 
100 °C. As the distance between the torches increase the influence of the interaction 
becomes negligible.  Assuming that a difference of 100 ° C has not major influence 
on the accuracy of the thermal elastic plastic analysis results. In this study the 
interaction between the heat fluxes is not taken into consideration. 
 
5.12 Interaction between two heating torches (a) Not considering heat flux overlap 
(b) Considering heat flux overlap. 
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5.13 Difference in maximum attained temperature when considering or neglecting 
heat flux overlap in approximate model. 
5.3.2.3 Zig-Zag Heating Line 
     The third type of heat straightening pattern is applying a heating line with a Zig-
Zag motion on the surface as described in Fig. 5.14 (a). The maximum attained 
temperature distribution shown in Fig. 5.14 (b) is obtained after applying heat along 
the zigzag line at a heating speed of 12 mm/s. The maximum attained temperature is 
higher compared with the other two heat straightening patterns because of the 
direction change of the torch that causes it to stay longer at points like A in Fig. 5.14 
(c) and causes heat concentration at these points. 
 
5.14 Zig Zag Heating Lines Pattern: (a) Heating pattern, (b) Maximum attained 
temperature distribution at 12 mm/s, (c) Zig Zag heating pattern. 
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5.3.3 Selection of Heat Straightening Pattern 
     Thermal analyses at different heating speeds were carried out for each of the three 
different heat straightening patterns using the FEM model shown in Fig 5.2. Heat 
input parameters corresponding to an oxy-acetylene gas heating torch No. 800 were 
used in this study. Heating speeds range from 4 mm/s up to 30 mm/s. In case of Zig-
Zag heating line, X direction component of heating speed ranges from 1 up to 10 
mm/s. Figure 5.15 shows the maximum attained temperature in the three heat 
straightening patterns at different heating speeds. A common practice, necessary to 
avoid material degradation, when carrying out straightening using gas heating is to 
keep the maximum attained temperature of the plate below 800 oC. As may be seen 
in Fig. 5.15, only heating speeds which gave maximum temperatures equal or lower 
than 800 oC are used in this study. Points with hollow markers within the shaded 
region were not considered. 
 
  
Fig 5.15 Maximum attained temperature with different traveling speeds for each heat 
straightening pattern. 
 
     The same boundary conditions shown in Fig. 5.4 are employed to predict the 
deformation of the panel produced by gas heating. Distortion due to gas heating is 
evaluated as inherent deformation for each heat straightening pattern at different 
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heating speeds. Inherent deformation due to gas heating is evaluated using cutting 
simulation, in the same way as in welding. Figure 5.16 shows the tendon force 
obtained for each heat straightening pattern at different heating speeds. Transverse 
shrinkage and transverse bending produced by gas heating are shown in Fig. 5.17 
and 5.18, respectively.  
     As mentioned before, the main objective is to select the heat straightening pattern 
which can correct the welding transverse bending produced by welding. The dotted 
line shown in Fig. 5.18 represents the magnitude of the welding transverse bending 
of the panel. From this graph it can be found which of the three gas heating patterns 
is able to produce the same amount of transverse bending in the opposite direction.  
     As can be seen in Fig. 5.18, the only pattern capable of producing the same amout 
of transverse bending in opposite direction is applying two simultaneous parallel 
heating lines opposite to the fillet weld toes at heating speeds higher than 10 mm/s. 
The other two heat straightening patterns are not capable of producing the desired 
angular distortion in one heating run. 
 
  
Fig 5.16 Tendon force with different traveling speeds in each heat straightening 
pattern 
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Fig 5.17 Transverse shrinkage with different traveling speeds in each heat 
straightening pattern. 
 
 
Fig 5.18 Transverse bending with different traveling speeds in each heat 
straightening pattern. 
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     In this study the welding analysis and the heat straightening analysis are carried 
out independently. The discussion implies that superposition of welding distortion 
and straightening distortion is valid. Since these are two highly non-linear 
phenomena, confirmation of the validity and accuracy of superposition is necessary. 
In order to validate superposition in this case, sequential analyses were carried out 
applying two simultaneous parallel heating lines at heating speeds of 12, 16, 20 and 
30 mm/s. The same was carried out for single heating line as well as for zig-zag 
heating line. Sequential analysis means, computing the welding distortion followed 
by computing the distortion caused by applying heat straightening in one thermal 
elastic plastic analysis to get the final deformation.  
     Figures 5.19, 5.20 and 5.21, show transverse bending distribution along the 
welding line for single heating line, two heating lines and zig-zag heating line, 
respectively. The purple line in these three graphs is the welding transverse bending.  
     Here it is to be noted that the transverse bending distributions plotted in Fig. 5.18 
for all the heat straightening patterns were obtained by applying gas heating over a 
stress free stiffened panel model. Figure 5.22 gives an explanation of this phenomena. 
Square markers represent the transverse bending distortion produced when two 
simultaneous straight parallel heating lines are applied on a stress free stiffened panel 
at different heating speeds. The curve with circular markers is the final transverse 
bending obtained by superposition of the transverse bending produced by welding 
and that produced by two simultaneous heating lines at different heating speeds. The 
curve with triangular markers is the final angular distortion obtained after carrying 
out sequential analysis. It can be seen that although superposition predicts that 
applying two simultaneous straight heating lines at 30 mm/s would fully correct the 
welding angular distortion, sequential analysis shows that this statement is not true. 
The main reason is that when applying straightening heat at slow speeds, high 
temperatures are produced in the locations where welding residual bending stress 
exists, releasing this stress and creating a condition close to the stress free condition. 
Heating at higher speeds does not create such high temperatures where residual 
bending stress exists and therefore it can not release this stress and a condition close 
to the stress free condition is not created. Therefore, it can be concluded that, in this 
panel, predicting the final transverse bending by means of superposition applies only 
for heating speeds below 20 mm/s. 
      From these figures it can be confirmed that the only gas heating pattern capable 
of almost fully correcting the welding transverse bending is applying two 
simultaneous heating lines on the opposite surface at 20 mm/s as shown in Fig. 5.20. 
The other two gas heating patterns did manage to reduce welding transverse bending 
to a certain extent, however, in terms of time and fuel gas consumption they are not 
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so efficient. An interesting point stands out in Fig. 5.20, applying two simultaneous 
parallel heating lines opposite to the fillet weld toes at 30 mm/s does not manage to 
correct the welding transverse bending. This does not agree with  superposition 
results presented in Fig. 5.18. 
 
Fig 5.19 Sequential analysis of welding and single heating line straightening 
 
Fig 5.20 Sequential analysis of welding and two simultaneous parallel heating lines 
straightening 
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Fig 5.21 Sequential analysis of welding and Zig-Zag heating line straightening 
 
 
Fig 5.22 Comparison between superposition and continuos analysis 
 
5.4 Straightening of 3D Twisted Structures 
      In the previous sections, for simplicity and to be able to understand the 
mechanism of correcting welding distortion with heat straightening, a single 
stiffener stiffened panel was considered. However in actual practice we have to deal 
with more complex assemblies. Such complex structures are usually made of many 
members, and are assembled through various stages. An example of such complex 
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structures is bilge blocks in shipyards. Members are welded sequentially, and as it is 
expected, due to welding distortion, gaps and misalignments usually occur between 
members and blocks. If not controlled or properly corrected they can degrade the 
quality and cause delays in production schedules. 
     In this section, straightening the twisting distortion produced during welding 
assembly of the bilge block shown in Fig. 5.23 is studied. At first factors responsible 
of this welding distortion are briefly described. Later, proper heating conditions to 
straighten the bilge block are proposed. 
5.4.1 Bilge Block Welding Distortion 
     The bilge block model used in this study is shown in Fig 5.23. The bilge block 
has a length of 14,820 mm and consists of bilge plate, longitudinal girder, seven 
floors, bilge keel, inner-bottom plate and floor stiffeners. Due to the large size and 
complexity of the model both welding distortion analysis and heat straightening 
analysis were carried out using shell elastic analysis in order to save computational 
time.   
 
Fig. 5.23 Bilge block Shell Elastic FEM Model 
     In a study by Sano et al. [52] factors such as local shrinkage due to welding and the 
influence of gap correction were evaluated to comprehend the mechanism of 
twisting distortion of the bilge block. To evaluate the influence of local welding 
shrinkage it was assumed that all members have no geometrical imperfections and 
that all the members are well fitted together before welding. Two different cases 
shown in table 5.2 were considered using small and large deformation theories.  
Table 5.2 Evaluation of welding local shrinkage 
Case 1 Considering local shrinkage of all welded joints. 
Case 2 Considering Local shrinkage of all welded joints except those between floors and stiffeners. 
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     Figure 5.24 shows twisting distortion obtained for Case 1 for both the small and 
large deformation analyses. 
 
 
Fig. 5.24 Distortion produced by welding (Case 1) [7] 
 
     Figure 5.25 shows the twisting distortion produced in Case 2 by welding as 
obtained by both small and large deformation analyses. Compared to Case 1, in Case 
2, no significant twisting distortion is observed. Therefore, it was concluded that the 
one cause of the twisting distortion is the angular distortion produced when the 
stiffeners are welded to the floors. However, due to the fact that in real assembly the 
stiffeners are welded before the final assembly it was concluded that this not the 
major factor that is causing twisting distortion in the shipyard. Correction of gaps 
and misalignemnts are suspected to be responsible for this twisting. 
 
 
Fig. 5.25 Distortion produced by welding (Case 2) [7] 
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     In order to study the influence of gap correction on twisting distortion of the bilge 
block, it is assumed that sufficient fitting forces are used, that is, the stiffness of the 
interface element connecting the members are large enough (107 N/mm3 in case of 
normal components and 107 N/mm2 for rotational components). Only fitting is 
considered and no welding is carried out (there is no inherent welding deformation). 
Due to the fact that, in actual practice, the distribution of gaps during assembly is 
rather random, three different distribution modes of the gap between the floors and 
the bilge plate as shown in Fig. 5.26 were assumed along the whole length of the 
bilge block. In case of gap modes 2 and 3 is the angle along the bilge circle and 
the coordinate along the length of the block is given by x. 
 
 
Fig. 5.26 assumed distribution modes assumed of the gap between floors and bilge 
plate. [7] 
     Figure 5.27 shows the deformation of the block in the three cases computed by 
both small and large deformation analyses. As may be seen in this figure, when the 
small deformation theory is used, the amount of twisting distortion is very small. On 
the other hand, when the large deformation theory is employed, twisting distortion 
is much more significant. Due to the fact that twisting distortion only appears when 
the large deformation theory is used it is concluded that the twisting distortion is 
closely related to buckling.  
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(a) 
 
(b) 
 
(c) 
Fig. 5.27 Twisting distortion due to gap correction, using the small and the large 
deformation theories, a) Case-C1, b) Case-C2, c) Case-C3. [7] 
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     To further clarify the relationship between the size of the gap and the amount of 
twisting distortion of the bilge block, Cases C2 and C3 were further analyzed using 
the large deformation theory. As seen in Fig. 5.28 the magnitude of twisting 
distortion increases almost proportional to the square of the size of the gap. This 
observation confirms that twisting distortion is produced as a result geometrical 
nonlinearity and closely related to buckling.  
 
 
Fig. 5.28 Relationship between gap size and twisting distortion of the bilge block. 
 
     As in the case of flat plates, compressive stress is responsible for buckling of the 
bilge block. Figure 5.29 describes how compressive stress is generated when the gap 
between the floor and the bilge plate is corrected. Forcefully correcting the gap 
between the already tack welded floor and bilge plate generates compressive stress 
in the bilge plate and tensile stress in the floor. The larger the magnitude of the gap, 
the larger is this stress and the higher is the probability of buckling. In case of large 
compressive stress the bilge block will buckle into the twisting mode shown in Fig. 
5.27. Therefore, in order to reduce the twisting distortion of the bilge block, and to 
avoid producing compressive stress when correcting gaps, the location and timing 
of the tack welding needs to be carefully considered and carried out with caution. 
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Fig. 5.29 Compressive membrane stress inducing mechanism in bilge plate when 
forcefully fitting is adopted. 
 
5.4.2 Selection of Heat Straightening Conditions 
     As may be seen in the previous section, the magnitude as well as the distribution 
of the twisting distortion of bilge block produced by the gap correction during 
assembly process depends on factors, such as the gap between members and the 
location and timing of tack welds. These are very difficult to control. Therefore, it is 
not practical to predict and control the twisting distortion. An alternative practical 
way to mitigate this twisting distortion may be achieved by means of line heating. 
 
 
Fig. 5.30 Line heating orientation for producing pure shear type curvature 
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     In plate forming, line heating is often applied using the same heating speed on 
both sides of a flat plate to form a twisted plate. If the heat source traveling direction 
on one heating surface is 0 degree and that for the opposite surface is 90 degree the 
curvature in x direction x and in y directions y become, 
*  yx         (5.1) 
    These curvatures mutually orthogonal and with opposite sign as shown in Fig. 
5.30 produce pure shear type curvature 'xy in the coordinate rotated 45 degree
)','( yx  
*)(
2
1'   yxxy       (5.2) 
     This method can be used to correct the twisting distortion of the bilge block. In 
order to examine whether this can be achieved or not, the deformation produced by 
shear type bending strain applied to the bilge plate is computed using the inherent 
deformation method. Figure 5.31 shows the twisting distortion produced when the 
magnitude of the given shear type curvature * is equal to 0.0004 (1/mm). As may 
be seen in this figure the direction of twisting deformation of the bilge block 
produced by line heating is opposite to that generated by welding assembly.  
 
 
Fig. 5.31 Bilge block twisting distortion obtained when pure shear type curvature  
= 0.0004 (1/mm) is applied. 
     Twisting distortion experienced in shipyard is usually in the order of 50 mm. 
Assuming that the gap size is equal to 4 mm, the magnitude of twisting produced by 
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gap correction is roughly 60 mm as may be seen from Fig. 5.28. In order to find out 
the shear curvature necessary to correct this amount of twisting distortion, different 
amounts of shear curvature * are examined. Figure 5.32 shows that this amount of 
twisting distortion can be removed by applying line heating which gives 
5* 106  (1/mm).  
 
Fig. 5.32 Correction of bilge block twisting distortion by means of line heating. 
     The next issue is to find out how to obtain this amount of shear curvature with a 
reasonable amount of heating lines. For this purpose, the amount of angular 
distortion produced by a single heating line at different heating speeds is computed 
by thermal-elastic-plastic FEM using the model shown in Fig. 5.33. 
 
Fig. 5.33 Flat plate model used to evaluate inherent deformation 
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     Figure 5.34 shows the distribution of the maximum attained temperature when a 
single heating line is applied at different heating speeds. 
 
 
Fig. 5.34 Relation between speed of line heating and maximum temperature on the 
heated surface. 
 
  
Fig. 5.35 Relation between speed of line heating and amount of produced inherent 
deformation. 
Figure 5.35 shows the relation between the heating speed and the transverse bending, 
the transverse shrinkage and the longitudinal shrinkage. As may be seen in this graph 
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the maximum amount of transverse bending can be obtained when the heating speed 
is 8 mm/s. Since the transverse bending in this case is about 0.01 rad, the curvature 
necessary to remove the 60 mm twisting deformation, which is 5* 106   (1/mm), 
can be achieved if the spacing of heating lines is set to  10000/6=133.3 mm. This 
can be easily carried out in shipyards as an ordinary practice.  
 
5.5 Conclusions 
     This chapter dealt with the straightening applications of line heating. Initially the 
welding distortion of a single stiffened panel is computed. Attention is focused in 
correcting the welding transverse bending. Three different heat straightening 
patterns commonly used in actual practice are compared, and the most efficient 
pattern to correct welding transverse bending is chosen. It was concluded that 
temperatures high enough need to be produced in the locations where welding 
residual stress exists in order to release the stress and manage to correct welding 
distortion. 
     Further, the possibility of straightening the twisting distortion of a bilge block by 
means of line heating is evaluated. Pure shear type curvature created by line heating 
can produce twisting distortion in opposite direction to that generated by welding.  
Heating conditions to produce the proper amount of angular distortion to correct the 
twisting distortion commonly found in actual practice are predicted. 
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Chapter 6 Summary and Conclusions  
 
     In the following, the most significant conclusions and contributions of this study 
are summarized. Finally, recommendations for future studies concerning line 
heating applications are proposed. 
 
6.1 Conclusions and Contributions 
     In chapter 1 an overall review of the different mechanical and thermal plate 
forming methods is reviewed. An introduction to the line heating method as well as 
its applications as forming and straightening method are presented.  
     In chapter 2 a simple method to evaluate the inherent deformation by means of 
cutting simulation is proposed. The method consists of evaluating the plastic strain 
distribution on the center cross section of the structure produced by welding or line 
heating, previously computed by thermal elastic plastic FEM analysis. Removing 
the portions without plastic strain, inherent deformation components can be 
evaluated by simple calculations. This method is accurate enough to give a fast 
prediction of the inherent deformation produced by welding and line heating, 
avoiding the difficulty of dealing with the selection of the area to carry out 
integration. 
     In chapter 3 an accurate gas torch heat source model proposed by Osawa is 
implemented in our in-house code JWRIAN to model the heat source for different 
applications of gas line heating. Comparison between thermal elastic plastic analysis 
results and experimental measurements is carried out, obtaining good agreement, 
thus validating the heat source model used in this study. 
     A forming application by means of line heating is presented in chapter 4. Bending 
of U-ribs to be assembled in structures such as bridges and highways is considered. 
First, a general description of the process of bending U-ribs by means of line heating 
is presented. Later, the inherent deformation method is used to study the influence 
of heating speed and heating location on the overall U-rib deformation.  Based on 
this results, a mathematical model which describes the deformation of the U-rib as a 
function of heating speed and location is established.  The parameters of this 
mathematical model are evaluated for different combinations of heating conditions 
within the practical range, and optimal heating conditions are proposed. 
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     In chapter 5 the straightening applications of line heating are discussed. In order 
to establish the method for selecting proper heating conditions for straightening of 
welding distortion, a single stiffener stiffened panel model is utilized. The efficacy 
of three of the most common heat straightening methods used in actual practice to 
correct welding distortion are evaluated using thermal elastic plastic FEM analysis.  
     From this comparison two important conclusions are found. First, applying two 
simultaneous parallel heating lines on the surface of the single stiffener stiffened 
panel is more efficient to correct welding distortion when compared to the other two 
heat straightening methods, consuming less time. The second important conclusion 
is that in order to correct the welding distortion, it is necessary to produce a 
temperature high enough to be capable of removing most of the residual stress 
produced by welding. This can be achieved In case of the two heating lines using 
heating speeds between 12 and 20 mm/s.  
     Finally, using line heating to straighten the twisting distortion caused by welding 
assembly of more complex structures such as ship bilge blocks is considered. The 
pure shear type curvature generated when applying mutually orthogonal heating 
lines on the opposite surfaces of the plate can produce twisting distortion in opposite 
direction to that generated by welding. Thus it can be used to mitigate the twisting 
distortion produced by welding. The heating conditions which can generate the 
proper amount of angular distortion to correct the twisting distortion commonly 
found in actual practice are presented. 
 
6.2 Recommendations for future work 
     This work provides the basis to model the most common applications of line 
heating, forming and straightening. In this study the influence of water cooling is not 
considered, however, since cooling is extensively used in combination with line 
heating, it is necessary to develop a method to consider cooling using water or air, 
and verify cooling contributions to the efficiency of the forming and straightening 
processes. Optimization and control of cooling may well contribute to the efficiency 
of forming and straightening. 
     When studying the straightening applications of line heating, only three patterns 
of heat straightening were considered. However the efficiency of other patterns such 
as point heating, triangle hating and ring heating which are also used in the ship 
building industry for mitigating welding distortion needs to be considered. In case 
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of two simultaneous parallel heating lines it is necessary to develop a new 
mathematical model which can accurately represent the interaction between the two 
gas heating torches. 
     In this study, the inherent deformation produced by line heating was evaluated 
only for a limited amount of plate thicknesses, 6 mm in case of U-rib bending, 6 mm 
and 15 mm in case of heat straightening of a single stiffened panel and the ship bilge 
block respectively. Now that numerical methods to evaluate the inherent 
deformation due to line heating is established, it would be beneficial to generate data 
bases for a larger range of plate thicknesses and gas torches commonly used in the 
forming industry. Methods and algorithms which allow correct selection of heating 
conditions to mitigate specified distortions needs to be established and easily 
accessed by workers at any time. 
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